The study investigates the surface vibrations generated by a new generation, tri-band hydraulic compactor type V8 from Maschinentechnik Schrode AG (MTS), and a reversible plate compactor type DPU 6055 from Wacker Neuson in close proximity to a low-rise residential building. Compaction works were carried out in three stages, at distances: 15 m, 10 m, and 5 m from the building, and at three depths: 0.4 m, 1.2 m, and 1.8-2.0 m. The research was conducted at one measurement point, located on the outer foundation wall of the building, and at three measurement points located on the ground at distances of 1.25-7.5 m from the building. The study analyses the distribution of peak component particle accelerations at the ground, and peak component particle velocities at the foundation wall of the building as a function of the distance of compactors from the building and the depth of compaction works, as well as the mode of work of hydraulic compactor type V8 from MTS. The study contains the comparison of the permissible vibration levels that are recommended by selected European standards (DIN, BS, VSS, and PL) and an approximate assessment of the impact of vibrations on the technical condition of the residential building.
Introduction
The assessment of the impact of vibrations generated in the subsoil, and their transfer to building structures is an important problem of civil engineering. This issue is currently the subject of frequent studies and analyses concerning mainly urban areas. One of the main reasons for this assessment are excessive vibration levels (in the opinion of residents and users of various types of construction) caused by the movement of vehicles on roads [1] [2] [3] , as well as on railways [4] . Articles regarding vibrations that are caused by the work of construction machines are also an important collection of materials on this matter. Vibrations of particularly high intensity are induced when driving foundation piles [5, 6] , which very often makes the use of this technology unacceptable in close vicinity to buildings. Significant values of acceleration or vibration velocities are also generated during driving and pulling out of sheet pilings [7, 8] . The influence of vibrations spreading in the environment can be very important, which is why methods for their reduction are sought out so often [9] [10] [11] [12] .
A specific group of construction equipment causing vibrations in the subsoil are machines and devices that are used for compaction of the ground. They are used almost always on every construction site-regardless of whether the investment is related to the construction and modernization of buildings, communication infrastructure facilities, water supply, sewage, gas, or electrical and telecommunications networks. In construction practice, vibrations caused by soil compaction occur much more frequently than with other sources of vibrations. In the literature on the subject, the situation is the opposite. Work on the assessment of the impact of vibrations on the environment caused by the work of machines during soil compaction seems to be scarce. This is most probably connected with the fact that the level of vibrations generated in this case is generally considered to be insignificant. As a rule, it is much smaller than the level of vibrations that are generated and propagated in the ground during driving piles or sheet pilings. Available studies mainly concern vibrations that are generated during the operation of vibration rollers [13] , and much less often, vibrating plate compactors [14] . In the literature on the subject, however, there is a lack of reliable research and scientific articles on the work of hydraulic compactors integrated with excavators and the impact of vibrations generated by them on the surroundings. The few works dealing with the subject of vibrations generated by the work of hydraulic compactors were related to the effectiveness of soil compaction in trenches in which pipes are installed, and the risk assessment related to their damages [15] . Such compactors are characterized by much higher values of load amplitudes than vibrating plate compactors. Rather frequently, however, they are used in a very close, sometimes several-meter distance from the building. There are situations when compaction of the soil takes place next to the walls or foundations of the building, which in the case of this type of equipment, may turn out to be significant in terms of the possible impact of generated vibrations on the technical condition of the building and its users.
This work comprises an analysis of the results of field tests of ground surface vibrations caused by the work of a new generation, tri-band V8 hydraulic compactor by Maschinentechnik Schrode AG (MTS), and comparative vibration generated by the work of a standard plate compactor. The article describes the impact of ground-borne vibrations that are generated by the operation of both types of compactors and their impact on the environment-in particular, the assessment of the impact of recorded vibrations on a residential building in the immediate vicinity of the source of vibrations.
Materials and Methods-Measurement Site, Instruments, and Research Methodology
Field studies of propagation of surface vibrations that are generated during the compaction of ground were conducted in the immediate vicinity of a newly built detached family house located at Ksiezyno near Bialystok, in Poland. This one-floor brick building with a habitable attic of the dimensions in a horizontal section 24.6 m × 11.0 m and a height in a ridge of 8.9 m, was erected on a natural clay soil (sasiCl according to standard EN ISO 14668-1 [16] and EN ISO 14668-2 [17] , plasticity index I p = 16%, liquidity index I L = 0.15). In the immediate vicinity of the building (up to a depth of approx. 1.8 m) there were mixed sand and clay soils, constituting an uncontrolled embankment.
It was assumed that vibrations would be generated by using a new-generation hydraulic compactor type V8 from MTS integrated with an excavator, and a reversible plate compactor-type DPU 6055 from Wacker Neuson (operating frequency of 69 Hz, centrifugal force 60 kN) at three different locations spaced from the supporting wall of the building by 15 m (stage I), 10 m (stage II), and 5 m (stage III) and at three different depths of 1.8-2.0 m, 1.2 m, and 0.4 m. The compaction process was commenced with the excavation of a trench to a depth of about 2.3-2.4 m, and then the trench was partially filled up with sand and gravel mix, which was subsequently compacted. In this way, the depth of the trench decreased to approx. 1.8-2.0 m. After the completion of all planned series of measurements at a given depth, the trench was once more partially filled, and soil compaction continued on other analyzed depths. In the case of the MTS V8 hydraulic compactor, dynamic measurements were carried out for all three available modes of operation-i.e., X1 mode (so called "Standard")-with an operating frequency of 38 Hz and a centrifugal force of 90 kN, X2 mode ("Compactor-jumper")-at 45 Hz and 50 kN and X3 mode ("Power") of 60 Hz and 90 kN. Each time, before changing a device generating vibrations or changing the mode of operation, the ground at the desired depth was skimmed and loosened in order to provide comparable conditions of compaction.
The research has been conducted at one measurement point located on the foundation wall of the residential building at the level of the surrounding terrain (measurement point No. 1-MP1) and at Measurements of vibration accelerations were carried out using 12-channel and 24-bit LAN-XI data acquisition hardware from Brüel&Kjaer, with analysis range exceeding 160 dB and dynamic signal range from 120 to 130 dB broadband and 160 dB narrowband, as well as with a set of three low-frequency, seismic piezoelectric accelerometers type 8340 manufactured by Brüel&Kjaer (measuring ranges: ±0.5 g, 0.1-1000 Hz ±5%) and nine low-frequency piezoelectric accelerometers type 3187D from Dytran (measuring ranges: ±20 g, 0.48-1000 Hz ±5%).
In the course of measurements of the ground-borne vibrations, low-frequency uniaxial transducers type 3187D, were screwed to mounting devices (in a cubic shape) in three perpendicular directions: x, y, z, in measurement points MP2-MP4 ( Figure 1 ) and MP2B-MP4B (Figure 2 ). Mounting devices were firmly attached to steel plates, placed on the ground surface, and secured in the ground by a three-point anchoring. A modal analyses carried out using a software based on the Finite Elements Method, showed that the natural frequency of mounting devices with accelerometers mounted to them was outside the frequency ranges relevant to the possible impact of vibrations on buildings.
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Results
As a result of studies, from four to over a dozen, acceleration time histories have been recorded (at four measurement points and three mutually perpendicular directions: x, y, and z) for all the possible modes of operation of both devices, depending on the distance of the vibration source from the building and the depth of compaction. In the case of compactors operating in the closest distance from the building (stage III, Ls = 5 m) the number of recorded accelerograms, due to the intensity of vibrations and the risk of damage to the building, has been limited to four. Each accelerogram was appointed with maximum absolute value of the acceleration signals (PPAi-peak component particle acceleration).
The exemplary PPAi values determined for the nearest distance of the source of vibration from the building (Ls = 5 m) and the hydraulic compactor operating in X1 mode are summarized in Table  1 (file names contain information about the device, operating mode, compaction depth, and indicate the next accelerogram number in a given measurement series). 
The exemplary PPAi values determined for the nearest distance of the source of vibration from the building (Ls = 5 m) and the hydraulic compactor operating in X1 mode are summarized in Table 1 (file names contain information about the device, operating mode, compaction depth, and indicate the next accelerogram number in a given measurement series). Peak component particle accelerations, summarized this way, were attributed to the maximum PPAi values from an individual series of measurements. From a detailed summary of the PPAi values, with respect of the source of vibration, the operating mode of MTS V8 hydraulic compactor, depth and direction of measurements are summarized in Table 2 (stage I), Table 3 In addition, stage III results from Table 4 , associated with the most intense vibrations acceleration on the building (due to the fact that the source of vibrations was only 5 m from the building), have been shown in 
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Comparative Analysis of the PPAs
As it can be noticed in the above summaries (see Tables 2-4 In terms of the potentially harmful influence of vibrations on the building, vibrations transmitted to the ground medium in a horizontal plane are more significant. The maximum values of surface acceleration vibration propagated in the longitudinal direction x, and were recorded at a measurement point that was located at a distance of 7.5 m from the building (MP4) are less intense than in the vertical direction, and in the first stage of the study (Ls = 15 m), they do not exceed PPAx = 0.178 m/s 2 (plate compactor) and 0.461 m/s 2 (MTS V8 compactor, mode X1), and respectively, 0.967 m/s 2 and 1.984 m/s 2 in the second stage of the study (Ls = 10 m). In the third stage of research, at the measurement point that was most distant from the building (MP4B, L4B = 3.75 m), the maximum PPAx values were, respectively, 2.094 m/s 2 and 6.580 m/s 2 .
In the case of vibrations recorded in a transverse direction (y), in relation to the assumed measurement profile, PPAy values are usually two-three times lower than in the longitudinal direction x. At the measuring points located closest to the vibration source, they were presented respectively for the plate and hydraulic compactor: 0.059 m/s 2 and 0.335 m/s 2 (stage I), 0.395 m/s 2 and 0.698 m/s 2 (stage II) and 1.108 m/s 2 and 1.928 m/s 2 (stage III). It follows that in the furthest measurement points (MP4 and MP4B), the vibration levels that are generated by the hydraulic compactor MTS V8 were almost twice as high as those generated by the reversible plate compactor.
While the acceleration values recorded along the adopted measurement profile decreased with the distance from the source of vibration, unfortunately, damping and absorption of vibrations did not proceed, as it was due to the known theoretical dependence of the geometrical attenuation, and the absorption of vibrations, as in continuous and homogeneous types of ground [17] , which points to the exponential nature of fading of vibrations along with distance covered by the waves. This problem is further highlighted in earlier works by the authors [7] .
where:
A r -peak acceleration attenuation of the recorded motions in the "r" point, mm/s 2 , A 0 -peak ground acceleration value [mm/s 2 ] at a distance r 0 , mm/s 2 , r, r 0 -distances of points "r" and "0" respectively, from the source of vibration, m,
The present case concerns (and not only in the direction z) a much lower attenuation and absorption of the surface vibration acceleration propagated in the ground medium, which is more linear (in some cases with the local intensification of vibration acceleration) than exponential. For this reason, it must be concluded that the vibrations generated in heterogeneous-made grounds located in the immediate vicinity of various types of buildings, will propagate at greater distances than what would result from the theoretical relationships describing this phenomenon.
As an alternative to the simplified methodology based on dependence (1), it is possible to carry out numerical simulations using software based on the Finite Element Method (FEM)-similar to the works [19] [20] [21] . In this work, due to the considerable heterogeneity of the ground, no such numerical analyses have been carried out. The focus is on the analysis of the results of vibration acceleration measurements on a real object in a natural scale.
By comparing PPA distribution (see Tables 2 and 3 ) at the second (MP2, L2 = 2.5 m), the third (MP3, L3 = 5.0 m), and the fourth (MP4, L4 = 7.5 m) measurement points in the first and second stages of the study, it can be observed that PPAs may be subject to a significant intensification with the increase of distance from the vibration source (see Table 2 : direction x-MTS V8 compactor in X1 and X2 operating modes, direction y-X1, X2, and X3 operating modes, direction z-X3 operating mode, and also Table 3 : direction y-practically all operating modes of MTS V8, direction z-plate compactor). To a slightly lesser extent, a similar effect can be observed also in the third stage of research (source of vibration at a distance Ls = 5 m from the building's front wall)-especially in the case of surface vibrations of the ground propagated in the longitudinal direction (x) and the work of the hydraulic compactor in X1 mode and plate compactor (see Figure 4 and Table 4 )-which is most probably related to the very complex wave process occurring in the ground medium, and as a result, to the amplification of vibration, due to the reflection and the refraction of waves from the boundary surfaces of made ground, natural ground, walls of excavation, a building, or other types of local inhomogeneities and inclusions in the ground medium. It is unlikely that the intensification of ground surface vibrations observed at the measuring points MP2 and MP3 has any relationship with the natural vibrations of the soil medium, because they are far below the operating frequencies of both devices.
Further analysis of PPAs indicates that in the case of direction x, the most essential, from the point of view of the possible influence of vibrations propagated from the ground to the structure (see Tables 2-4 ) and the vertical direction z (see Tables 2-4) , the most intense vibrations recorded on the ground surface along the adopted measuring profile are generated during operation of hydraulic compactors in mode of operation X1 (operating frequency 38 Hz, centrifugal force of 90 kN). Significantly lower vibration level is generated by the MTS V8 hydraulic compactor in X2 mode (45 Hz, 50 kN)-except for the horizontal direction x in the second stage of study. The lowest vibration level is generated by the MTS compactor in X3 mode (60 Hz, 90 kN).
Considerably lower values of ground surface vibration acceleration are generated by a plate compactor (with the exception of direction y in the second stage of the test (see Table 3 ), where at measurement points MP2 and MP3 reported values were significantly higher than in the case of the MTS V8 compactor). However, this is the direction in which there are much lower vibration acceleration levels, compared to the horizontal direction x and the vertical direction z.
Regarding the effect of the depth of compaction on the level of recorded surface vibrations of the ground, it can generally be concluded that the closer to the source of the vibration, and the lower the depth of work with the use of the MTS V8 hydraulic compactor and the DPU 6055 vibratory plate compactor from Wacker Neuson-the higher the level of acceleration of surface vibrations recorded on the surface of the ground. Along with the increasing distance from the source of vibration, this tendency changes and the vibrations generated at greater depths and recorded on the ground are usually more intense. This is particularly evident if we compare the distribution of PPAx values recorded in the longitudinal direction x on the surface of the ground, listed in Table 2 (stage I-source of vibration at a distance of 15 m from the building and from 7.5 m to 12.5 m to the measurement points located on the ground) with the corresponding PPAx values in Table 4 and in Figure 4 (stage III-source of vibrations only 5 m from the front wall of the building and from 1.25 m to 3.75 m in the horizontal line to the measuring points on the ground). Thus, the maximum PPAx values presented in Figure 4 in the majority of cases related to the lowest compaction depth (0.4 m), while in Table 2 , the predominant PPAx values corresponded to a depth of 1.2 m or 1.9 m.
When it comes to the PPAi values recorded at the outer foundation wall of residential building at the first measurement point (MP1) in the most important direction from the point of view of the possible impact of vibration on building (in the x direction), it can be seen that in the case of vibrations generated at a distance of Ls = 15 m from the outer wall of building (stage I, see Table 2 In stage III (Ls = 5 m, see Table 4 and Figure 4) , with the smallest distance of sources of vibrations from the building (Ls = 5 m, see Table 4 and Figure 4 
Effect of Ground-Borne Vibrations on the Building
Vibrations generated as a result of human activity, as it is known, can propagate in the ground, and even over long distances-mainly in the form of Rayleigh waves. Depending on their intensity and the frequency of vibration, they may be imperceptible by the building, or cause more or less significant damage to it. At the junction of the ground and a building, a so-called dynamic soil-structure interaction takes place, and as a result, there is normally a significant reduction of vibrations that are transmitted to the structure. Theoretically, only very rigid buildings that are bound to the rigid ground (rocks) will be subjected to the same forces as the ground. There is virtually never infinite rigidity of the ground, and consequently, at the interface between the ground and the building structure, there will always be a certain radiation and dissipation of energy. The degree of vibration reduction depends on the dynamic parameters of the building and the ground. The main role in dynamic interaction is played by the natural frequency of the building and the shear stiffness of the ground. Besides, there are also very important factors, such as the geometry of the foundation, the method of foundation embedment, the impact of building load on the soil stiffness, soil stratification, shear stiffness with depth, shear strains on soil stiffness on the rigidity of the ground, the frequency of vibrations propagated in the ground, etc. [22] .
In accordance with theoretical considerations, guidelines of ISO 4866:2010 [22] , DIN 4150-1 [23] , and other works, e.g., [24] , it is assumed that for most of the vibrations are related to human activity, the ratio of vibration amplitudes recorded on the foundation of the building (u F ) and amplitudes recorded on the surface of the ground in the immediate vicinity of the building (u N ), should be unity or less (r N = u F /u N ≈ 1 or r N < 1) [22] .
As it can be seen from data shown in Table 2 ; Table 4 , a lower level of vibrations recorded in the building was not always the case-as exemplified by the vibrations recorded on the building at the first measurement point (MP1-located on the outer foundation wall of the building at the level of the adjacent terrain from the side of the source of vibrations) during the operation of the hydraulic compactor in the first stage of the research (source of vibrations at a distance of 15 m from the building)-in X2 mode and 0.4 m (see Table 2 , direction x), in X3 mode at a depth of 2.0 (see Table 2 , direction y), and vibrations generated by the work of the plate compactor at a depth of 0.4 m (see Table 2 , direction x) and 1.2 m (see Table 3 , stage II, direction x). In each of these cases, a resonant vibration of the building could have occurred.
Each building structure based on the ground is subject not only to loads resulting from the weight of the structure, service loads, and external loads associated with wind pressure and suction, snow load or other atmospheric influences-including loads resulting from variable temperatures and ambient humidity. There are also loads that are related to the uneven settlement of the ground under the foundations, thermal stresses in elements exposed to direct sun impact, or additional stresses in individual structural elements associated with executive or design errors. Long-lasting vibrations propagated in the ground may also contribute to accelerated consolidation or compaction of the soil in the immediate vicinity of buildings and directly under them-as a result of which, damage to structural elements (e.g., cracking of foundations and walls) may occur in buildings exposed to this type of dynamic impact as the effect of exceeding the permissible stresses, even if the level of vibrations propagated in the soil was relatively small, and as such, they could not cause this type of damage. Considering the variety of construction and material solutions used, varied ground conditions, depth of building foundations, etc., an extremely difficult task is to determine the acceptable vibration parameters that should be considered safe for various types of construction works. In some countries, however, an approximate assessment has been introduced for the impact of ground-borne vibrations on selected types of buildings, which are based on a comparative analysis of the actual vibration parameters registered on the building, with limit values being defined by relevant standards. They are based on the results of experimental research.
An approximate assessment of the impact of ground-borne vibrations on buildings should be carried out in accordance with the provisions contained in national standards. If applicable regulations do not apply in a given country, norms of neighboring countries or international standards are usually used for this purpose. A few of the best such standards that are applicable in the case of predicting and assessing the impact of vibrations generated by the work of soil compaction equipment on buildings are German Standard DIN 4150-3 [23] , British Standards BS 7385-2 [25] , and BS 5228-4 [26] , as well as Swiss Standard VSS-SN640-312a [27] . A somewhat different method of approximate assessment of the impact of vibrations on buildings is introduced by the Polish Standard [28] . The first three standards are based on the registration of the time histories of three mutually perpendicular components (x, y, z) of vibration velocities at the base of the building on the side of the building facing the source of vibration [25] , and if not possible-on the foundation wall or supporting wall of the building (usually at, or slightly above the level of adjacent terrain from the side of source of vibrations) [23] , or on the ground, outside of the building-in the case of a predicted impact assessment of vibrations on the building (or in the case of an existing building, when for some reasons it cannot be implemented at the base of the building) [25] . The DIN [23] standard additionally recommends recording the time histories of velocity of horizontal vibrations (x, y) on the top floor of the building. The assessment itself is based on the comparison of the PPV (Peak Particle Velocity) independently for each of the three components of the unweighted velocity signals (expressed in peak component particle velocity PPVx, PPVy, PPVz) [23] .
In the case of the Polish Standard PN-B-02170:2016-12 [28] , an approximate method based on the so-called "dynamic impact scales" (in Polish "Skala Wpływów Dynamicznych"-SWD) developed for two types of the most common buildings has been introduced. According to the SWD scales, the time history of the accelerations or velocities of horizontal vibrations (x, y) on the foundation or supporting wall of the building from the side of the source of vibrations, and at the level of the adjacent terrain, are subject to recording. The assessment of the impact of ground-borne vibrations on the building consists of analyzing fragments of recorded signals (with amplitudes ≥ 0.2 PPA-separately for components x and y) in 1/3-octave bands, and applying the determined values of accelerations or vibration velocities on nomograms with marked damaging zones. The SWD scales introduce five such zones [28] .
The standard VSS-SN640-312a [27] is applicable to both transient and continuous vibrations. The standard introduces the division of buildings into four classes (I-IV; class II-includes buildings with foundation walls and floors in concrete, and walls in concrete or masonry, and two types of vibration sources: machines, traffic, and blasting. Threshold values, above which building damage may occur, are set independently for the following frequency bands: 10-30 Hz and 30-60 Hz-in machines and traffic generated vibrations, 10-60 Hz and 60-90 Hz-in blasting. For vibrations generated by the operation of soil compactors and buildings class II, in which the building should be included, the standard indicates two threshold values above which building damage may occur: PPV = 7.6 mm/s (band 10-30 Hz) and PPV = 7.6-12.7 mm/s (30-60 Hz) [27] .
The standard DIN 4150-3 [23] introduces one type of threshold values for short-term vibration and another for long-term vibration, dividing buildings into three groups (1, 2, and 3; where type 2-refers to dwellings and buildings of similar design and/or occupancy) and three frequency bands (1-10 Hz, 10-50 Hz and 50-100 Hz). In the case of short-term vibrations and a building classified as type 2, the recommended maximum absolute value of the velocity signals for the three components (so called "guideline values"), recorded on the building foundation, below which there should be no damage to the building, are respectively [23] A much higher level of acceptable peak component particle velocities is recommended by the BS 7385-2 standard [25] , which introduces a division of buildings into 2 types (1-reinforced or framed structures, industrial, and heavy commercial buildings, 2-unreinforced or light-framed structures, residential, or light commercial type buildings). According to the guidelines, minor damage in the type 2 building will not appear if the peak component particle velocities of transient vibration registered on the foundation of the building will not exceed the value of PPVi = 15 mm/s at 4 Hz-increasing to 20 mm/s at 15 Hz or 20 mm/s at 15 Hz-increasing to 50 mm/s at 40 Hz and above. In the case of continuous vibrations, which can cause resonance, the above values should be reduced by 50%-to the values accordingly: PPV = 7.5 mm/s at 4 Hz-increasing to 10 mm/s at 15 Hz or 10 mm/s at 15 Hz-increasing to 25 mm/s at 40 Hz and above [25] .
The British standard BS 5228-4 [26] is more stringent, when it comes to vibration thresholds that can cause cosmetic damage to buildings. It represents a much more conservative approach and it meets the needs of owners and users of buildings exposed to excessive vibrations generated during construction works involving piling works, and which can also be used for assessing the probability of occurrence of structural damages arising from vibrations associated with construction. The standard introduces the division into four types of buildings, and makes the threshold values dependent on the duration of vibrations (intermittent vibrations and continuous vibrations). In residential buildings "in generally good repair" [26] , recommended vibration limits, regardless of dominating frequencies, are PPV = 10 mm/s-in the case of intermittent vibration, and PPV = 5 mm/s-in the case of continuous vibrations. Residential buildings where preliminary survey reveals significant defects, PPV values shown above should be decreased by 50%, to a level equal to: PPV = 5 mm/s and 2.5 mm/s [26] .
Analyzing the above, it should be assumed that cosmetic damage to a residential building (such as surface cracks in plaster or brickwork) in accordance with the most stringent standards [26] can occur when the level of vibrations recorded on the foundation or foundation wall of a building in any direction exceeds the level of 5 mm/s, in the case of a building in good technical condition, or 2.5 mm/s in the case of a building in poor technical condition.
The assessment of the impact of vibrations generated during the operation of the MTS V8 hydraulic compactor and the DPU 6055 plate compactor, and then it is transferred via the ground to the building in question in accordance with the above standards, is based on peak component particle velocities. The PPVi values required for evaluation may come from the numerical integration of recorded time history of vibration accelerations, but as is known, this type of digital signal processing can lead to large errors.
Therefore, the assessment of the impact of vibrations generated by the work of compactors and propagated via ground to the building was carried out for PPVi values registered with the MEMS transducer dedicated to this type of measurements and assessments (GEA type by Sequoia). PPVi values listed in Tables 5-7 are based on measurements carried out on the foundation wall of the building in the immediate vicinity of the first measurement point (MP1)-practically in the same time intervals for which the maximum absolute value of the acceleration signals (PPAi) were obtained using the Brüel&Kjaer 8340 seismic accelerometers presented in Tables 2-4 . As demonstrated by the subsequent comparative analyses of PPVi values obtained from the numerical integration of the time history of vibration accelerations registered with seismic accelerometers, they do not differ significantly from the PPVi values registered with the GEA sensor. Examples of values that were obtained as a result of single integration of signals and the removal of the linear trend (using the Sigview software) are given in Table 8 . By comparing the data from Tables 7 and 8 , it can be seen that in the case of a hydraulic compactor MTS V8 operating in X1 mode, by integrating signals, it was possible to achieve from −5.4% to +13.1% lower or higher values of PPVi in the direction of the dominant vibration component (x direction). In the vertical direction (z), the differences in relation to the signal from the GEA sensor were + 0.6%, to a maximum of +15.3%. The largest differences in PPVi values occurred in the transverse direction (y)-even up to −43.7%, in relation to the values determined by using the GEA transducer. Such significant differences in the transverse direction (y), and rather acceptable differences in the case of other measurement directions, most probably do not result from numerical integration errors, but only due to the lack of technical possibility to synchronize the start and end of measurements by using two completely different measurement systems (even several-second time shifts between individual files are possible). The data compiled in Table 5 to Table 8 show, that in the most unfavorable case, on the foundation wall of a residential building subjected to the analyses, components of vibration velocities did not exceed PPV i = 2.4 mm/s in (see Table 7 , stage III: direction x, hydraulic compactor in X1 mode compacting soil at a depth of 0.4 m).
In accordance with the guidelines of key European standards, regarding the assessment of the impact of ground-borne vibrations on buildings ( [23, [25] [26] [27] ) such orders of magnitude of peak component particle velocities recorded at the foundation of the building should not cause any damage to buildings in good technical condition (even cosmetic damages), as the two most stringent standards in this matter: DIN 4150-3 [23] and BS 5228-4 [26] as thresholds (named respectively, as: "guideline value" or "vibration limits") for residential buildings indicate PPVi = 5 mm/s-in the case of short-term vibrations with dominating frequencies from 5 Hz to 10 Hz, and PPVi = 5 mm/s (recorded on the top floor of the building)-regardless of the frequency in the case of short-term vibrations [23] , and PPV = 5 mm/s-regardless of the frequency in the case of BS 5228-4 standard [26] : PPVmax = 2.4 mm/s < 5 mm/s. However, it should be taken into account that buildings near which construction works that are related to the compaction of soil may be carried out, do not necessarily have to be in a good technical condition. Then, according to [26] , PPVi limit values should be reduced by 50%-up to PPV level = 5 mm/s in the case of intermittent vibration and 2.5 mm/s, in the case of continuous vibrations. Considering that during the compaction of the soil using the MTS V8 compactor, the building's resonance vibrations have occurred at least several times and we have to deal with vibrations affecting the structure of the building in a continuous way. In this situation, the building in question would be on the verge of an appearance of minor or cosmetic damage to buildings. PPVmax = 2.4 mm/s ≈ 2.5 mm/s.
The same level of vibration expressed in peak component particle velocity PPVi = 2.5 mm/s (recorded on the top floor, or PPVi = 3 mm/s-in the case of vibrations recorded on the foundation in the frequency band from 1 to 10 Hz) recommended by DIN 4150-3 [23] in the case of vibrations propagated near buildings that are particularly sensitive to vibration or important from another point of view, e.g., listed buildings under preservation order.
The influence of vibrations generated by the work of compactors, and propagated to the ground is assessed differently in the case of evaluation based on the analysis of recorded time history of vibration accelerations in 1/3-octave bands in accordance with the Polish standard PN-B-02170: 2016-12 [28] .
Dynamic impact scale (in Polish SWD) has been developed for the two most common types of residential buildings in Poland on the basis of conducted dynamic calculations, including, apart from various building constructions, also different types of subsoil. Due to the size of the building subjected to assessment according to [28] , the building was qualified for the less stringent SWD-II scale-used in the case of masonry buildings or mixed structure up to four floors, whose height is smaller than the double smallest building width. Depending on the technical condition of the building, ground conditions and the time of impact of vibrations on the structure within each of the SWD scales, more or less strict classification criteria for particular damaging zones may be applied. In the case of undamaged buildings, without structural alterations, rigid subsoil and short-term vibrations, the analyzed vibrations can be attributed to the effects of the lower damaging zone. If the majority of the above conditions are fulfilled, as in the analyzed case (good technical condition of the building and the ground, long-term vibrations >3 min), less stringent zones of influence, zones should be applied. In the case of old buildings, damaged (in poor technical condition) and subsoil with low stiffness, more stringent criteria are applied.
Detailed assessments for each of the analyzed cases are summarized in Table 9 . Table 9 . Impact of vibrations on a residential building according to the dynamic impact scale SWD-II (in Polish "Skala Wpływów Dynamicznych II") [28] .
of the device in the range of the analyzed distance parameters of the source of vibrations from the building (0-15 m), and the depth at which works related to the compaction of soil were conducted (from 0 m to 1.8-2.0 m). If we assume that a building is in good technical condition (as it was in the analyzed case), then the maximum second damaging zone can be expected (marked as "II" in Table 9 )-i.e., with vibrations that are harmless to the building structure, which may, however, cause accelerated building wear, first scratches in rendering and plaster, and scratches in wall corners and facades, etc. (so-called cosmetic damages). If, however, with the building being the subject of the assessment was in poor technical condition or set on a low rigidity subsoil, vibrations would have to be classified even within the third damaging zone (see in Table 9 -designation "III")-that is, vibrations that are harmful to the building, which may cause local cracks and scratches that weaken the structure of the building and that reduce its load-bearing capacity and resistance to further dynamic influences (there may also be falling off of rendering and plasters, scratches on the joints of structural elements, etc.). This type of harmfulness was found only in the case of the shortest distance from the building (Ls = 5 m), in which the hydraulic compactor operated in X1 mode and the poor technical condition of the building or low soil stiffness occurred. In X2 mode, the MTS V8 compactor generates slightly less intense vibrations, which are classified into the II damaging zone at a distance of 15 m of hydraulic compactor from the building, only in the case of the poor technical condition of the building, and the compaction of the ground at lower depths (0.4 m and 1.2 m). As can be seen from the assessments summarized in Table 9 , the least often to exceed the lower limit of the necessity of taking into account the dynamic impact on the building occurs in X3 mode-when the compactor works at distances smaller than 10 m, and when we consider that the building is in poor technical condition, or is placed on a ground with low stiffness or a non-continuous foundation. An example of the assessment of the impact of recorded vibrations on the building in question using Reflex software from Brüel&Kjaer according to the SWD-II scale [28] is shown in Figure 5 . wall corners and facades, etc. (so-called cosmetic damages). If, however, with the building being the subject of the assessment was in poor technical condition or set on a low rigidity subsoil, vibrations would have to be classified even within the third damaging zone (see in Table 9 -designation "III")-that is, vibrations that are harmful to the building, which may cause local cracks and scratches that weaken the structure of the building and that reduce its load-bearing capacity and resistance to further dynamic influences (there may also be falling off of rendering and plasters, scratches on the joints of structural elements, etc.). This type of harmfulness was found only in the case of the shortest distance from the building (Ls = 5 m), in which the hydraulic compactor operated in X1 mode and the poor technical condition of the building or low soil stiffness occurred. In X2 mode, the MTS V8 compactor generates slightly less intense vibrations, which are classified into the II damaging zone at a distance of 15 m of hydraulic compactor from the building, only in the case of the poor technical condition of the building, and the compaction of the ground at lower depths (0.4 m and 1.2 m). As can be seen from the assessments summarized in Table 9 , the least often to exceed the lower limit of the necessity of taking into account the dynamic impact on the building occurs in X3 mode-when the compactor works at distances smaller than 10 m, and when we consider that the building is in poor technical condition, or is placed on a ground with low stiffness or a non-continuous foundation. An example of the assessment of the impact of recorded vibrations on the building in question using Reflex software from Brüel&Kjaer according to the SWD-II scale [28] is shown in Figure 5 . After the completion of all of works related to the compaction of the soil near the building, a detailed inspection was carried out, which showed that there was no damage in the building-even cosmetic. The inspection was repeated after three months-with the same effect.
Considering the above, it should be stated that in the analyzed case that the guidelines of the Polish standard [28] are most likely too restrictive as regards the possible assessment of the actual harmfulness of vibrations to buildings. On the other hand, such stringent standard guidelines aim to significantly reduce the level of vibrations that propagated to the environment during construction works in the immediate vicinity of residential and public buildings, which is the most intentional from the point of view of the least possible interference of the construction process with the comfort of living and using of this type of objects, as it is well known that humans have a significantly lower threshold of vibration perception than building structures. After the completion of all of works related to the compaction of the soil near the building, a detailed inspection was carried out, which showed that there was no damage in the building-even cosmetic. The inspection was repeated after three months-with the same effect.
Considering the above, it should be stated that in the analyzed case that the guidelines of the Polish standard [28] are most likely too restrictive as regards the possible assessment of the actual harmfulness of vibrations to buildings. On the other hand, such stringent standard guidelines aim to significantly reduce the level of vibrations that propagated to the environment during construction works in the immediate vicinity of residential and public buildings, which is the most intentional from the point of view of the least possible interference of the construction process with the comfort of living and using of this type of objects, as it is well known that humans have a significantly lower threshold of vibration perception than building structures.
Conclusions
On the basis of the in-situ tests conducted, the following conclusions are made.
•
The peak component particle accelerations (PPAi) recorded on the ground in three mutually perpendicular directions (x, y, and z) along the adopted measurement profile were usually two to three times higher when a tri-band hydraulic compactor type V8 from MTS was used than in the case of working at the same distances and on the same depths of the vibratory plate compactor type DPU 6055 from Wacker Neuson. For example, in the case of compaction taking place in closest vicinity of the building (stage III, Ls = 5 m) and recording data on the ground at the measuring point 4B (L4B = 3.75 m), the maximum PPAi values designated for the MTS V8 compactor operating in X1 mode were: PPAx = 6.580 m/s 2 , PPAy = 50 kN) , the smallest-in X3 mode (60 Hz, 90 kN).
•
The results of the measurements showed that surface vibrations, the source of which were the reversible plate compactor and the hydraulic compactor MTS V8, spread over a much greater distances than would result from the known theoretical dependence on the geometrical attenuation and absorption of vibrations in the ground. This fact should be explained by a more complex than assumed nature of the wave process occurring in the ground soil, and a greater inhomogeneity of the ground.
The level of vibration acceleration generated during the operation of a vibrating plate compactor type DPU 6055 and recorded on the building was generally lower than in the case of the hydraulic compactor MTS V8. However, only a few cases were observed in stages I and II, when the reversible plate compactor generated higher peak component particle accelerations (PPAi), as recorded on the foundation wall of the building. This is the case with the corresponding example of the PPAx values generated by the DPU 6055 compactor and the MTS V8 compactor operating in X3 mode, at a distance of 15 m from the building, and at a compaction depth of h = 0. Table 3 ).
Despite the fact that the vibrations in the building were clearly felt, and the assessment of their impact on the building carried out according to Polish standard PN-B-02170:2016-12 [28] indicated the possibility of at least cosmetic damages, visual inspection of the building did not yield even the smallest defects. Therefore, it should be concluded that an approximate assessment of the impact of vibrations transmitted by the ground surface on buildings carried out using the dynamic impacts (SWD) in accordance with the guidelines of the Polish standard may lead to too much of a cautious evaluation in similar cases.
An assessment of the impact of vibrations transmitted by the ground surface on the building, based on the German standards DIN 4150-3:1999 [23] , British BS 7385-2:1993 [25] and BS 5228-4:1992 [26] and the Swiss VSS-SN640-312a:1992 [27] , showed a practical lack of impact of the work of the MTS V8 hydraulic compactor and the vibrating plate compactor DPU 6055 to deteriorate the technical condition of the building-regardless of the distance between compactors from the building (in the range of 5 m to 15 m), and the depth at which work-related to compaction of soil was carried out (to a depth of 1.8-2.0 m). The fact that no damage was found in the building in question, suggests that the guidelines contained in them regarding the recommended peak component particle velocities (PPVi), at which the building should not be damaged, were more reliable in the analyzed case than in the guidelines included in the Polish standard [28] .
• Despite the fact that on the foundation wall of the building, peak component particle velocities were recorded at a lower level than the threshold values indicated in the DIN, BS, and VSS standards as limit values (at which there is no damage to buildings)-in the case of the tri-band hydraulic compactor type V8 from MTS working in the immediate vicinity of buildings is recommended to carry out work that is related to soil compaction in X3 mode. This mode is characterized by the highest value of the operating frequency of the device (60 Hz), which is the most deviating from the dominant natural frequencies of most buildings in traditional low-rise buildings.
In engineering practice, the degree of soil heterogeneity can be very diverse, and each case should be approached individually. Therefore, the presented research results related to the propagation of vibrations and the assessment of their impact on buildings should not be concluded to an excessive measure. It also seems advisable to continue this line of research. 
